Exergy Efficiency Profile of A 1kW Open Cathode Fuel Cell with Pressure and Temperature Variations  by Hanapi, S. et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Organizing Committee of 2015 AEDCEE
doi: 10.1016/j.egypro.2015.11.481 
 Energy Procedia  79 ( 2015 )  82 – 89 
ScienceDirect
 
2015 International Conference on Alternative Energy in Developing Countries and 
Emerging Economies 
Exergy Efficiency Profile of A 1 kW Open Cathode Fuel Cell 
with Pressure and Temperature Variations  
S. Hanapia*, Alhassan Salami Tijania, A. H. Abdol Rahima,                             
W. A. N. Wan Mohameda 
aFaculty of Mechanical Engineering, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia 
 
Abstract 
A proposed electric vehicle using proton exchange membrane (PEM) as clean energy have been attracting due to their 
high efficiency, high energy density and zero emissions. Standard exergy analysis of a mini urban vehicle powered by 
a 1 kW Proton Exchange Membrane (PEM) fuel cell engine system has been presented in this manuscript. A 
sensitivity analysis has been studied in order to evaluate the effect of variable operating temperatures and pressures 
on the physical exergy and efficiency of a 1 kW PEM fuel cell engine. The calculation of the physical and chemical 
exergies, mass flow rate and exergy efficiency are performed at temperature ratio (T/T0) and pressure ratio (P/P0) 
ranging from 1 to 1.15 and 1 to 4, respectively. The findings of the exergy analysis reveal that the overall efficiency 
of the fuel cell system was observed to be 61.3%. The result of the parametric study show that an increase in 
operating temperature and pressure results in an increase in exergy efficiency of the system.  
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Conventional fuels used in automobiles application are the major problems with increasing global 
energy consumption and harmful air pollutants. So a movement towards environmentally friendly bring 
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the fuel cells to the forefront. PEM fuel cell is an electrochemical device which converts the chemical 
energy of hydrogen and oxygen directly and efficiently into electrical energy with heat and water as 
wastes product. A PEM fuel cell used to power automobiles using hydrogen as a energy source can offer 
several advantages such as energy efficient, quick start-up, low or zero emissions, low noise and can 
obtain a power density [1]. The thermodynamics efficiency of the system in PEM fuel cell vehicle has a 
great importance due to the limited supply of available energy as well as the overall impact on vehicle 
performance. Understanding of the thermodynamic irreversibilities is helpful to improve their energy 
performance.   
Exergy analysis is one of the tools which represent the amount of energy that may be totally converted 
to work [2]. In simple words, exergy is a potential or quality of energy [3]. It is possible to make 
sustainable quality assessment of energy. Exergy is always evaluated with respect to a reference 
environment. When a thermodynamic system is in equilibrium with the environment or based on 
condition, the state of the system is called “dead state” [4], in which the temperature and pressure are 
called “dead state temperature” and “dead state pressure”. These are then considered for exergy analysis 
[5]. 
Also, the dead state may be arbitrarily selected, while the dead state temperature is often taken to be 
equal to the environment temperature and dead state pressure is taken as atmospheric pressure [6]. In the 
PEM fuel cell system, the design is a thin plastic sheet through which hydrogen ions can pass and the 
membrane coated on both sides with highly dispersed metal alloy particles like platinum that are active 
catalysts. Hydrogen is fed to the anode side of the fuel cell where due to the effect of the catalysts, the 
hydrogen atoms release electrons and become hydrogen ions (protons). The electron move in the form of 
an electric current that can be utilized before it returns to cathode side of the fuel cell where oxygen is 
fed. The ions of protons diffuse through the membrane to the cathode and the hydrogen atom is combined 
and reacted with oxygen to produce water as a product. This is the place where electrical power is 
produced by the following electrochemical reactions [7]: 
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Here W is the electrical power generated from the fuel cell stack and Q  is the waste heat of the system 
that should be removed from the stack through the cooling loop.  A performance analysis is performed 
based on mini hybrid PEM fuel cell urban car and considering the operation of components in the PEM 
fuel cell system. A parametric study is carried out to examine the effect of varying operating conditions 
(temperature, pressure and cell voltage) on the exergy efficiency of the system. 
 
2. System description 
 
In order to quantify exergy, a reference or dead state that corresponds to the state of thermodynamic 
equilibrium with the natural surroundings must be defined. An equilibrium environment in which a 
substance cannot undergo an energy conversion process to produce net positive work is called as 
reference state. Also, it is assumed that the intensive properties of the environment are not significantly 
changed by any process. In the present study the restricted dead state is defined as standard conditions for 
temperature and pressure (STP) condition (298 K and 1 atm). The exergy efficiency of a PEM fuel cell 
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system shown in Fig 1 is the ratio of the power output W to the differences between the exergy of the 
reactants air and hydrogen and the exergy of the products air and water which can be defined as [8]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Proton Exchange Membrane Fuel cell (PEMFC) 
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where W is electrical power output, Rair,E  is exergy reactant for air, R,2HE  is exergy reactant for 
hydrogen, Pair,E  is exergy product for air and PO,2HE  is exergy product for water.  
The exergy can be classified into different categories such as physical, kinetic, chemical, potential, 
nuclear, magnetic, electrical, etc. In this study only the physical (Ephy), chemical (Ech), kinetic (Ek) and 
potential (Ep) exergies have been considered. For many studies such as in current study, the kinetic and 
potential exergies changes are negligible, leaving just the changes in physical and chemical exergies.  
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Considering a system at rest relative to the environment (i.e. Potential and kinetic exergies are equal to 
zero), the physical exergy is associated with the temperature and pressure of the reactants and the 
products in the fuel cell system. The physical exergy process involving the difference of enthalpy from 
those and entropy from those at standard conditions of temperature and pressure of T0=298 and P0=1 atm 
respectively. The specific physical exergy can be described as follows:  
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where h0 and s0 denote the specific enthalpy and entropy evaluated at standard conditions, respectively. 
The physical exergy of an ideal gas with constant specific heat CP and specific heat ratio k can be express 
as:  
]0
k
1k
)
0P
P
ln()
0T
T
ln(1
0T
T
[TpCphye

              (5) 
 
The chemical exergy is the exergy components associated with the departure of the chemical 
composition of a system from that of the environment [8]. Chemical exergy is equal to the maximum 
amount of work obtainable when the substance under consideration based on the standard values of the 
environmental temperature of T0=298 K and pressure of P0=1 atm. The specific chemical exergy at P0 can 
be calculated by bringing the pure component in chemical equilibrium with the environment. Values of 
the chemical exergies for both of reactants and products are taken from the published literature and 
presented in Table 1. The chemical exergy of air produced from the electrochemical reaction can be 
calculated in terms of mole fraction of each component as follows:  
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where xn is mole fraction of each component, 
n
che  is chemical exergy of each component (kJ/kg) and R is 
universal gas constant (kJ/kmolK).  The total exergy of the reactants and the products can be determined 
through the equations: 
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where CHe  is chemical exergy (kJ/kg), 
PHe  is physical exergy (kJ/kg), 
.
m  is mass flow rates of the 
reactants and products (kg/s). The mass flow rates of the reactants and the products depends on the power 
output, )W(  , the cell voltage (V) and the stoichiometry of air (λ) in the fuel cells. The mass flow rates of 
the reactants and products can be evaluated through the following equations: 
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The analysis presented above is integrated with the fuel cell performance model, and applied to the 
system with the fuel cell stack operating at varying temperature and pressure ratios. The base-operating 
conditions of the system are listed in Table 2.  
 
Table 1.  Chemical exergy of the reactants and products of a PEM fuel cell system [9, 10] 
 
 
Table 2. Properties at operating conditions 
 
Property Value 
Standard temperature, T0 298 K 
Standard pressure, P0 1 atm 
Average specific heat of air, Cp 1.005 kJ/kg 
Average specific het of Hydrogen, Cp 14.3 kJ/kg 
Enthalpy of water standard, h0 104.88 kJ/kg 
Entropy of water standard, s0 0.3674 kJ/kg 
Electrical energy output, W  1 kW 
Stoichiometry of air, λ 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Schematic of the Horizon-1000 XP PEM fuel cell system in mini vehicle 
  
3. Case study: the fuel cell system in a mini vehicle system 
 
 The exergy analysis of a PEM fuel cell system is defined on the 1 kW XP PEM fuel cell power taken 
from Horizon. This stack is capable of providing 1 kW of unregulated DC output. The output voltage 
level can vary from 43V at no load to about 26V at the full load. The designed operating temperature in 
the stack is around 65ºC at the full load. There are totally 50 cells connected in series in the stack. A 
single fuel cell element produces about 1V at open circuit and about 0.6V at full current output. The 
geometric area of the fuel cell is 61 cm2.The fuels is 99.99% hydrogen with no humidification and the 
hydrogen pressure to the stack is normally maintained at 0.5 bar.  Oxygen comes from the ambient air.  
Chemical exergy, 
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The Fig 2 illustrates the schematic diagram of Horizon-1000 XP PEM fuel cell system on mini hybrid 
PEM fuel cell urban car. Hydrogen, oxidant air and cooling air must be supplied to the stack system. 
Exhaust air, product water and heat is emitted.   
In order to determine the thermodynamic characteristics of the system, some general assumptions 
considered in the analysis. The PEM fuel cell as the engine sources are assumed to be at steady state. The 
gasses are assumed as an ideal gas and the environmental state is at STP conditions; 298 K and 1 atm.  
4. Results and discussions 
 
In this paper, sensitivity analysis was carried at different operating temperatures and pressures. Fig 3 
shows that the physical exergy of air entering the fuel cell engine ranges from zero at the respective 
temperature of 298 K and pressure of 1 atm to 95 KJ/kg at 298 K and 3 atm. Besides, as the temperature 
increase from 298 K to 373 K the physical exergy of the reactant air increase by about 15 %. As in the 
equation (5), air reactant was treated as an ideal gas to determine the physical of exergy. It was also 
observed that the physical exergy of the reactant air increase sturdily by a small amount for all the three 
pressure conditions. Fig 4 illustrates the physical exergy of the reactant hydrogen. Again, hydrogen also 
was treated as an ideal gas and equation (5) was used to determine its physical exergy. The curves 
represent the comparative relationship between exergy at different temperature and pressure. The physical 
exergy increase when the temperature and pressure increase at the respective ratio of T/T0=1 and P/P0=1 
to 1.4 kJ/kg at T/T0=1 and P/P0=3.  For the chemical exergy for both reactants, the chemical exergy of air 
is taken to be zero since the composition of air at the reference environment is considered as being 
negligibly different from the actual environment. However, the value of chemical exergy of reactant 
hydrogen was estimated to be 159138 kJ/kg, which is considered the highest of all the reactants and 
products. The standard chemical exergy based on the environmental temperature T0= 298.15 K and 
pressure P0= 1 atm.  
         
 
 
 
Fig 5 shows the behavior of the physical exergy curve on the water product for various operating 
temperature and pressure. Moreover, it is seen that the highest temperature ratio and pressure ratio not 
give significance effect on the physical exergy of water product. The trend shows that, increasing 
temperature and pressure ratios result in increasing physical exergy of water product. Eq. (4) was used to 
determine the physical exergy of water. The highest value of the exergy is 27 kJ/kg at temperature ratio 
     Fig. 3. Exergy physical for air reactant             Fig. 4. Exergy physical of hydrogen reactant     
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and pressure ratio of T/T0=1.15 and P/P0=4, respectively while, the chemical exergy of the product water 
is 2.5 kJ/kg. The enthalpy and entropy shown in eq. (4) based on steam and saturated tables. Increasing 
values of the physical exergy of the product air shown in Fig 6 increases from zero to 170 kJ/kg, this was 
observed at temperature and pressure ratio of T/T0=1 and P/P0=1 to T/T0=1.15 and P/P0=4.  The 
physical exergy of the product air was treated as by-product of the fuel cell and just a waste element in 
the system. The values of the enthalpy and entropy were taken from available properties of ideal gas 
tables. 
 
 
 
 
 
 
 
 
                                                  
 
 
                                                     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The chemical exergy of product air was 8.58 kJ/kg, which was determined through summation of the 
chemical exergies of all elements in the product air and Eq. (6) was used to illustrate the standard 
chemical exergies and mole fraction of the elements. The effect of temperature and pressure ratios on the 
fuel cell system performance is illustrated in Fig 7. At low temperature and pressure ratios, the exergy 
efficiency of the fuel cell system was observed to be 56.5%, on the other hand at temperature and 
pressure ratios of T/T0=1 and P/P0=4 the efficiency is approximately 61.3%.  
Fig. 7. Exergy efficiency of the fuel cell stack system 
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Fig. 5. Exergy physical of the water product     Fig. 6. Exergy physical of product air 
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Depending on the mass flow rate of the reactants and the products and physical exergy of the system, 
the efficiency of the fuel cell can be greatly improved. The calculation of the mass flow rate of the 
reactants and the products are performed based on Eq. (11-14). The higher total exergy of the reactants 
and products leads to the lower exergy efficiency of the system. Furthermore, the efficiency of a PEM 
fuel cell system can be increased through increasing its operating temperature and pressure. Since, the 
operating temperature and pressure of the cell is low, the efficiency of the system decreases.  
 
 
5. Conclusion 
  
A thermodynamic model in terms of exergy efficiency analysis of a PEM fuel cell mini urban car has 
been carried out. A parametric study is performed to investigate the performance of the system depending 
on varying operating parameters such as temperature ratios and pressure ratio. From the current results, it 
was found that with the increase of the operating temperature affected the performance efficiency of the 
system. Similarly, the efficiency increase with increasing the operating pressure and there is a difference 
of 4.8% between lowest and highest efficiency of the system. On the other hand, higher total exergy for 
the reactants and the products, the situation changes and efficiency begin to decrease. The reason is that, 
at higher total exergy the fuel cell system can be operate at lower voltages and affected to the exergy 
efficiency.   
 
Acknowledgments 
 
The financial support of the given for this work by the Universiti Teknologi MARA under the 
Tabung Amanah HEP and Tabung Amanah Pembangunan Akademik HEA in the year of 2014 for this 
research development and also MOE FRGS grant (FRGS/2/2014/TK06/UITM/02/) for supporting this 
manuscript is gratefully acknowledge. 
 
References 
 
[1] Campanari, S., Manzolini, G., Garcia de la Iglesia, F., (2009). Energy analysis of electric vehicles using batteries or fuel cells 
through wheel-to-wheel driving cycle simulations. J. Power Sour. 186, 464-477. 
[2] Arcaklioglu, E., Çavus¸ oglu, A., Erisen, A., (2005). An algorithmic approach towards finding better refrigerant substitutes of  
CFCs in terms of the second law of thermodynamics. Energy Conv. Manage. 46, 1595-1611. 
[3] M.J. Moran. Availability Analysis: A Guide to Efficiency Energy Use, Englewood Cliffs, NJ, USA, 1982, ISBN 013054874X. 
[4] I. Dincer, M.A. Rosen. (2007). Exergy: Energy Environment and Sustainable Development, Elsevier, Oxford, UK,, ISBN: 
10:0080445292.  
[5] H. Caliskan, M.E. Tat, A. Hepbasli, (2009). Performance assessment of an internal combustion engine at varying dead 
(reference) state temperatures, App. Therm Eng. 29 3431-3436. 
[6] H. Caliskan, A. Hepbasli, I. Dincer, V. Maisotsenko, (2011). Thermodynamic performance assessment of a novel air cooling 
cycle: Maisotsenko cycle, Int. J. Refrig. 34 980-990. 
[7] Saeed Sayadi, George Tsatsaronis, Christian Duelk, (2014). Exergoeconomic analysis of vehicular PEM (proton exchange 
membrane) fuel cell systems with and without expander, Energy 77  608-622. 
[8] E. Uyanga, G. Sevjidsuren, B. Bumaa, D. Sangaa, P. Altantsog, (2011). Exergy analysis of NEXA PEM fuel cell module, 
International Forum on Strategic Technology.  
[9] Larminie J, Dicks A. Fuel cell systems explained. John Wiley & Sons, LTD; 2001 
[10] Bejan A, Tsatsaronis G, Moran M. Thermal design and optimization. John Wiley & Sons, LTD; 1996. 
 
